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Abstract. In the next years the FERMI gamma ray telescope and the Cherenkov telescopes will put 
very stringent constraints to models of gamma ray emission from galaxy clusters providing crucial 
information on relativistic particles in the inter-galactic-medium. 

We derive the broad band non-thermal spectrum of galaxy clusters in the context of general 
calculations in which relativistic particles (protons and secondary electrons due to proton-proton 
collisions) interact with MHD turbulence generated in the cluster volume during cluster mergers, 
and discuss the importance of future gamma ray observations. 
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INTRODUCTION 

Clusters of galaxies contain rs 10 15 M of hot (10 8 K) gas, galaxies, dark matter 
and non-thermal components. Theoretically, non-thermal components such as magnetic 
fields and high energy particles play key roles by controlling transport processes in the 
inter- galactic-medium (IGM) and are sources of additional pressure and energy support 
01 SHI 0, H]. Therefore they have the potential to invalidate our simplified view of the 
properties of the IGM. 

The origin of non-thermal components is likely connected with the cluster formation 
process : it is believed that a fraction of the energy dissipated during cluster mergers 
and accretion of matter is channelled into the acceleration of particles via shocks and 
turbulence that lead to a complex pop ulation of primary electrons and protons in the 
IGM (e.g., [@, 0, S, B Gil Git 0, 03, EL H El). Relativistic protons are expected to 



be the dominant non-thermal particle components since they have long life-times and 
remain confined within galaxy clusters for an Hubble time (e.g. [15] and ref. therein). 
Collisions between relativistic protons and thermal protons in the IGM inject secondary 
electrons and neutral pions that in turns produce synchrotron (and inverse Compton, 
IC) and gamma-ray emission, respectiyely ; whose relevance depends on the relativistic - 
proton content in the IGM rflq [l7l [lR fl3l fl9h . 



The presence of non-thermal particles in the IGM is proved by radio observations 
that discovered Mpc-sized diffuse radio emission in a fraction of X-ray luminous galaxy 
clusters due to synchrotron radiation from relativistic electrons in the magnetised IGM. 
These diffuse radio sources are usually classified according to their morphology and 



connection with the cluster X-ray emitting gas: Radio Halos, fairly symmetric radio 
structures at cluster center, and Radio Relics, elongated sources at cluster periphery (e.g. 

Giant Radio Halos are the most prominent examples of the diffuse cluster non- 
thermal emission. These Mpc-scale sources may originate from secondary electrons 
injected by collisions between relativistic and thermal protons in the IGM (e.g. [22, 
or they may originate from relativistic electrons re-accelerated in situ b y v arious 
mechanisms associated with the turbulence in massive merger events (e.g. Da, LL2J,|23|]). 
The recent discovery of a Radio Halo with very-steep synchrotron spectrum in Abell 521 
supports the turbulent acceleration mechanism |24J] providing a glimpse of what the next 
generation of low-frequency radio telescopes might find, since the turbulent acceleration 
scenario predicts that many Radio Halos in the Universe should emit mainly at low radio 
frequencies Q25Q . 

Theoretically particle acceleration by MHD turbulence may happen at the same time 
with the unavoidable continuous injection of secondary electrons due to proton-proton 
collisions in the IGM, and the non-thermal properties of the IGM that come out from 
the interplay between these two processes mainly depends on the content of relativistic 
protons in the IGM ll26ll . 

The properties of relativistic protons in the IGM are still poorly constrained since 
present gamma ray observations can provide only upper limits to the gamma ray emis- 
sion from galaxy clusters (e.g., Q2VU ; see Sect. 2). However, the FERMI gamma-ray space 
telescope will shortly allow to measure (or constrain) the energy content of relativistic 
protons in the IGM. For this reason in this contribution we will use a general approach, 
in which relativistic particles (protons and secondary electrons due to proton-proton col- 
lisions) interact with MHD turbulence, and show expectations for gamma ray emission 
from galaxy clusters and its connection with the emission at other wavelengths. We will 
not consider the contribution to gamma ray emission due to other possible relevant pro- 
cesses, such as IC emission from high energy electrons accelerated at peripheral strong 
shock waves and dark matter annihilation 1128 . H HE turn. 

In Section 2 we briefly discuss available constraints on the content of relativistic 
protons in galaxy clusters and in Section 3 we discuss the non-thermal spectrum of 
galaxy clusters and the importance of future gamma ray observations with FERMI and 
Cherenkov telescopes. 

We adopt concordance ACDM cosmology with H a = 70 km s _1 Mpc -1 , Q. m = 0.3 and 
Q A = 0.7. 



PRESENT LIMITS ON COSMIC RAY PROTONS IN THE IGM 

A fairly natural consequence of our present theoretical view of cosmic rays in galaxy 
clusters is that relativistic protons should be the dominant non-thermal particles com- 
ponent in the IGM, and that their properties trace the history of the complex interplay 
between particle acceleration and advection processes that take place in galaxy clusters 
from their formation epoch (e.g. jl5\ \ and ref. therein). Remarkably, if the energy density 
of these non-thermal protons is more than a few percent of that of the thermal IGM, pro- 
tons are also relevant to understand the physics and the origin of the relativistic electrons 



responsible for the synchrotron emission in the form of Radio Halos |26|]. 

The most direct approach to constrain the energy content of relativistic protons in 
galaxy clusters consists in the observation of the clusters' gamma ray emission from the 
decay of the neutral pions that originate during proton-proton collisions in the IGM. 
Gamma ray upper limits from EGRET observations allow to constrain the energy density 
of non-thermal protons in nearby galaxy clusters at less than about 30 percent of the 
thermal IGM 11271 Il9ll. Remarkably, since these limits are obtained from observations 
at energies of about 100 MeV, they are fairly independent of the spectral shape of the 
energy distribution of relativistic protons. 

More recently, deep gamma ray observations with Cherenkov telescopes of a few nearby 
galaxy clusters allow to put more stringent constraints to the content of relativistic 
protons in the IGM. These limits are obtained from observations at >100 GeV and 
thus they depend on the spectral shape of the proton-energy distribution. Yet, in the 
relevant case in which the spectrum of relativistic protons is relatively flat and their 
spatial distribution follows that of the IGM, these Cherenkov observations constrain the 
energy density of relativistic protons at <10% of the thermal IGM (11321. 13311: Figure 1). 
Also radio observations of galaxy clusters can be used to constrain the energy content 



of relativistic protons in the IGM 11341 I35L 12411 . In these studies radio upper limits 



to the diffuse cluster-scale synchrotron emission due to secondary electrons are used 
to constrain the energy density of the primary relativistic protons. Limits based on 
this approach depend also on the cluster magnetic field strength in the IGM and are 
complementary to the limits obtained from gamma ray observations. However, due to the 
high sensitivity of present radio telescopes, radio observations of a fairly large number 
of galaxy clusters without Radio Halos allow to put very stringent limits to the energy 
density of non-thermal protons, Ecr/E/qm < 0.01, provided that the strength of the 
cluster-scale magnetic field is > /iG (Figure 1; [|35|,|36|]). 



NON-THERMAL EMISSION FROM GALAXY CLUSTERS 

In this Section we derive the non-thermal spectrum of galaxy clusters under the assump- 
tion that MHD turbulence is injected in the IGM in connection with cluster mergers and 
plays a role in the particle acceleration process during these mergers. 
We restrict to the case in which the energy density of relativistic protons in galaxy 
clusters is consistent with the constraints discussed in the previous Section and model the 
re- acceleration of relativistic particles by MHD turbulence in the most simple situation 
in which only these relativistic protons are initially present in the IGM. Protons generate 
secondary electrons via proton-proton collisions and in turns secondaries (as well as 
protons) are re-accelerated by MHD turbulence. 



The non-thermal spectrum emitted in this general scenario is complex li26L 13711 . Sec- 
ondary particles and the decay of neutral pions continuously generated by proton-proton 
collisions in the IGM generate a long-living emission, from radio to gamma-rays. The 
strength and spectral properties of this emission depend on the energy density (and spec- 
trum) of non-thermal protons in the IGM (and on the magnetic field in the case of the 
synchrotron radio emission), and is almost independent of the dynamics of the cluster. 
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FIGURE 1. Present limits to the ratio between relativistic protons and IGM energy densities. The thick- 
dashed upper limit indicates approximatively the limit to the ratio Ecr/Ejgm obtained from Cherenkov 
observations (e.g., 13211 for the Perseus clusters and 113 311 for Abell 85). Solid upper limits give the typical 
limits to the ratio Ecr/Ejqm obtained from GMRT radio observations of a sample of X-ray selected 
clusters with no evidence of Radio Halos 11351 13611 : limits based on radio observations depend on the 
magnetic field strength, B, in the central Mpc region. Limits are obtained assuming that the spatial 
distribution of non-thermal protons follows that of the thermal IGM and assuming a relatively flat spectral 
energy distribution of relativistic protons, N(p) °^ p~ S , with 5 = 2.2. 



In addition, particle re- acceleration due to MHD turbulence that may happen in connec- 
tion with cluster mergers can modify the shape of the spectral energy distribution of the 
relativistic particles and consequently that of the cluster non-thermal emission. 
The most important issues that we would like to address in this Section are : 

• the possibility to have a radio loud phase, during which Radio Halos are generated 
in galaxy clusters, and a radio quiet phase, during which the diffuse synchrotron 
emission from clusters is significantly smaller than that of presently known Radio 
Halos; 

• the level of the cluster gamma ray emission expected from those models that 
may successfully reproduce a radio loud and a radio quiet phase in clusters (and 
possibly also a transition between the two phases). 



It is important to mention that the first point is motivated by radio observations of 
X-ray selected cluster samples that demonstrate that Radio Halos are not common in 
galaxy clusters [[38, 39, 4^, 36] and that the synchrotron luminosity of clusters with no 



evidence of Radio Halos {radio quiet phase) is (at least) about one order of magnitude 
fainter than that of Radio Halos (radio loud phase) associated with clusters with similar 
X-ray luminosity and redshift II35L 136Q. In addition, the rarity of clusters with diffuse 
cluster-scale emission at intermediate level, i.e. between that of Radio Halos and of radio 
quiet clusters, suggests that the time-scale necessary to switch-on (or to switch-off) these 
Radio Halos is fairly short, ^0.1 —0.3 Gyrs [35] implying that the bulk of relativistic 
electrons in the IGM is only maintained for such a limited period in connection with 
cluster merge rs lf35ll Q. 

Following Il26n we calculate particle acceleration due to MHD turbulence during 
mergers by restricting to the case of Alfven waves^l and calculate the spectrum of 
particles and MHD waves and their evolution with time by solving a set of coupled 
equations that give the spectrum of electrons, N~ , positrons, iV+, protons, N p , and waves, 
W k : 
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where \dp/dt\ marks radiative (r) and Coulomb (i) losses, D pp is the particle diffusion 
coefficient in the momentum space (and depends on the wave spectrum W k ), Qf is the 
injection term of secondary leptons due to proton-proton collisions (and depends on N p ), 
Dm is the diffusion coefficient in the wavenumber space, I k is the injection rate-spectrum 
of Alfven waves at resonant scales, and T is the damping rate of waves due to non-linear 
resonance with thermal and relativistic particles (N p and N e ); details can be found in 
& 

We adopt a simple model of galaxy clusters by assuming that the energy densities 
of relativistic protons at the beginning of re-acceleration, Ecr, and of the magnetic 



an additional possibility is that the transition between radio quiet and radio loud phases is due to fast 
dissipation of the cluster magnetic field after cluster mergers. However, the problem here is that even in 
the most favorable case in which the magnetic field is simply dissipated during the decay of cluster-MHD 
turbulence, the energy density of the rms field decreases only (about) linearly with the eddy turnover 
time-scale requiring Gyr for (substantial) dissipation (e.g., Fig. 2 in Il4ll0 
2 an additional possibility is given by magnetosonic waves i42l l4ll 
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FIGURE 2. Broad band spectrum produced within 3.5 core radii from a Coma-like cluster. Synchrotron 
(SZ decrement at high frequencies is not taken into account) (left panel) and IC and pion-decay spectra 
(right panel) calculated at t=0.5 Gyr from the injection of small scale Alfven waves in the IGM (the energy 
injected in these waves between t=0-0.5 Gyr is «3% of the thermal IGM) (thin lines) and calculated at 
t=l Gyr after dissipation of turbulence (thick lines). Calculations are shown assuming a ratio between 
the energy density of relativistic and thermal protons at the beginning of the merger phase = 3% (dashed 
lines), 1% (dotted lines) and 0.5% (solid lines) at t=0 (with proton spectrum 8 = 2.2) and a central cluster- 
magnetic field B„ — 2/xG. Radio data, BeppoSAX data and EGRET upper limit for the Coma cluster (Il26ll 
and ref. therein) are shown together with the recent VERITAS upper limit (calculated starting from [43]) 
and with the FERMI approximate sensitivity, after 1 yr, at distance of the Coma cluster (dashed curve). 



field, B, and the injection rate of Alfven waves during mergers, 4, scale with thermal 
energy density, E/qm (Ecr Ejgm, B <x Ejgm and / Iyik oc Ejgm)- Finally we model 
the spatial distribution of the thermal IGM with a spherically symmetric beta-model 
with the parameters of the Coma cluster. We solve Eqs.1-3 at different distances from 
cluster center and calculate the total non-thermal broad-band radiation (synchrotron, IC, 
7t° decay) emitted from the cluster volume (Figure 2). 

To highlight the effect of particle re- acceleration by MHD turbulence during cluster 
mergers, in Figure 2 we show non-thermal spectra emitted in connection with a merger 
and 1 Gyr after turbulence in the IGM is dissipated. Remarkably, the results have the 
potential to explain cluster radio loud and radio quiet phases : Radio Halos develop 
in connection with particle re-acceleration due to MHD turbulence in cluster mergers 
where the cluster-synchrotron emission is considerably boosted up, while a fainter long- 
living radio emission from secondary electrons is expected to be common in clusters. 
The strength of this latter component is proportional to the energy density of relativistic 
protons in the IGM and is constrained by the upper limits to the cluster-scale radio 
emission in galaxy clusters without Radio Halos that are available from present radio 
observations P5[|36|1 . 

IC hard X-ray emission is also boosted up in connection with Radio Halos, although the 
IC signal from re- accelerated secondary electrons is not expected to be very luminous 



(see discussion in [26] for a comparison with the case of re-acceleration of primary relic 
electrons). 

An important point is that gamma ray emission is expected (at some level, depending 
on the content and spatial distribution of relativistic protons) to be common in galaxy 
clusters and not directly correlated with the presence of giant Radio Halos. Cherenkov 
arrays already constrain the level of these gamma rays from a few nearby clusters. Most 
importantly, in Figure 2 we show the preliminary upper limit obtained from a deep 
VERITAS observation of the Coma cluster [|430 that, if confirmed, is the most stringent 
constraint to the energy density of relativistic protons in a cluster of galaxies obtained so 
far by means of gamma ray observations; based on the results reported in Figure 2 this 
limit is about Ecr/Ejgm < 0.05. 

In Figure 2 we also show the approximate level of the sensitivity of the FERMI gamma 
ray telescope, after yr of operations, for a cluster at the distance of Coma. Based 
on the VERITAS limit, FERMI has still a chance to marginally detect gamma ray 
emission produced by the decay of neutral pions in the Coma cluster after the first year of 
operations, even in the case of a relatively flat spectral energy distribution of relativistic 
protons. 

Most importantly, in the next years FERMI will reach the sensitivity that is necessary to 
constrain those models that have the potential to explain the behavior of the occurrence 
of Radio Halos in galaxy clusters as constrained by present radio observations. 



SUMMARY 

Relativistic protons are expected to be the dominant particle non-thermal component in 
galaxy clusters. On the other hand, the energy density of this component has been poorly 
constrained by past EGRET observations. 

In these years, important constraints to the energy density of relativistic protons in the 
IGM are coming from Cherenkov observations of a few nearby galaxy clusters. After 
about 1 year of operations the FERMI gamma ray telescope will be able to put even 
more stringent constraints, especially in the case of steeper spectra of the relativistic 
protons. 

Recent radio observations support the hypothesis, put forward in the last years, that 
MHD turbulence injected in galaxy clusters during cluster-cluster mergers may play a 
role in the re- acceleration of the relativistic electrons responsible for the cluster-scale 
synchrotron emission detected in a fraction of merging and massive galaxy clusters. 
We derive the non-thermal spectrum from galaxy clusters by considering the non-linear 
coupling between MHD turbulence, driven in the IGM during cluster mergers, relativis- 
tic protons and secondary electrons. Radio (synchrotron) and X-ray (IC) emission, due 
to secondary electrons, and gamma ray emission, due to the decay of neutral pions, are 
expected to be common in galaxy clusters. In addition to this long-living component 
we have shown that particle re- acceleration due to MHD turbulence, in connection with 
cluster mergers, can considerably boost up the synchrotron and IC components. 
The overall picture has the potential to explain the well established connection between 
Radio Halos and cluster mergers, and the lack of detectable cluster-scale radio emission 
in the majority of galaxy clusters with X-ray luminosity and redshift similar to those of 



Radio-Halo clusters. 

We point out that in the next years the FERMI telescope will efficiently constrain these 
models and may have the chance to detect gamma rays from nearby massive clusters (e.g 
Coma), provided that the energy density of relativistic protons is (at least) 1-3 percent 
of the thermal IGM. 

Remarkably, for relatively flat spectra of the relativistic protons, as expected in the case 
these protons got a sizeable fraction of the energy of the thermal IGM trough efficient 
particle acceleration processes, extremely deep (> 100 hrs) future observations with 
Cherenkov telescopes may obtain the most stringent constraints. 
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